An efficient optically pumped polarized ion source (OPPIS) of polarized Hbeam has been developed at the energy of Hion beam of 35 keV, current of 1.0 mA with the record polarization 86% for acceleration by Alternating Gradient Synchrotron (AGS) and injection into Relativistic Heavy Ion Collider (RHIC). The source excellent performance was successfully demonstrated in the long-term runs of RHIC in the period 2013-2017 [1] . To obtain improved performance of the source new and upgraded elements were implemented, including bright atomic beam source with ballistic beam focusing, and precise three-electrode grid system, decelerating protons down to optimal energy. Experimental results on production of unpolarized Hbeam by charge-exchange of the high-brightness proton beam with ballistic focusing in sodium and hydrogen targets are also presented in the paper.
INTRODUCTION
In 2011 physicists at Brookhaven and BINP, Novosibirsk have proposed that the RHIC operational polarized ion source should be upgraded to higher intensity and polarization for use in the RHIC polarization physics program at enhanced, high luminosity RHIC operation. The projected OPPIS parameters after the upgrade are as follows:
Hion beam current (peak) 5-10 mA Pulse duration 300 us Repetition rate 1 Hz Normalized emittance 2.0 π·mm·mrad Polarization 85-90% Compared to the previously used ECR-based source [2] , the new one has a smaller emittance and a higher beam current density.
OPTICALLY PUMPED POLARIZED ION SOURCE
The layout of the upgraded OPPIS [3] is shown in Fig. 1 . The primary beam of protons with the energy 6.5 keV and current 3 A is formed in the Fast atomic beam source (FABS), developed at Budker INP. The beam is being neutralized in the charge-exchange hydrogen target, and then enters the strong field of the superconducting solenoid. In the solenoid, the electrons of the beam atoms are stripped off in the helium target, and protons are then decelerated to energy 2.5 keV, optimal for electron capture in an optically pumped Rb vapor cell. The electronpolarized H beam then passes through a magnetic field reversal region, where the polarization is transferred to the nucleus with near 100% efficiency, via hyperfine interaction (Sona-transition). The polarized H atoms are then negatively ionized in a Na vapor cell to form nuclear polarized Hions. 
Fast Atomic Beam Source
The schematics of the fast atomic beam source [4] is shown in Fig. 2 . In this source, the proton beam is extracted by a fine-structure four-grid multi-aperture ion optical system, and neutralized in the H 2 gas cell downstream from the grids. The proton beam is extracted from plasma emitter with a low transverse ion temperature of ~0.2 eV, which is formed by plasma jet collisionless, expanded from the arc plasma generator. Due to the large volume of the expander, the density of the hydrogen flowing from the source is sufficiently low and interaction the plasma jet with the escaped gas is weak. The multi-aperture grids of ion optical system are spherically shaped to provide ballistic beam focusing. The beam formed by the FABS has a current of 3 A at an energy of 8 keV. The angular divergence of the beam is 10 mrad, and the focal length is about 200 cm. The beam radius at the level 1/e in the focal plane is 2 cm.
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The beam parameters were studied using the secondary-emission detectors set ( Fig. 3a ), which are arranged in a line with a step of 1 cm. The set is installed on a linear motion feedthrough ( Fig. 3b ), which allows changing the distance from the ion-optical system of the injector to the set of detectors in the range from 45 to 200 cm. At the optimal value of the injector current, the profiles of angular divergence were measured at various distances from the source. As a result of solving of numerical optimization problem, the values of the focal length and angular divergence were chosen, at which the deviations of the measured profiles from the analytical solution are minimal. A comparison of the measured distributions of current density on the beam axis ( Fig. 4a ) and its radius at 1/e ( Fig. 4b ) distributions obtained using the analytical expressions described in [5] is shown. 
Decelerating System
Inside the superconducting solenoid a decelerating system is installed. It is designed for stripping electrons from a beam of hydrogen atoms, decelerating them, and picking-up optically polarized electrons. Its scheme is shown in Fig. 5 . Electron stripping with an efficiency of about 70% occurs in a pulse helium target. Helium is puffed into the target by means of a special electrodynamic valve, in which a current of 100 A is passed to open the diaphragm through the plate covering it, located across the strong magnetic field of the solenoid.
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The resulting proton beam with a three-electrode system made of thin wires stretched across the system axis decelerates the beam to 2.5 keV energy, at which the probability of electron capture in a rubidium target reaches 50%. In addition, this system is used to suppress half-energy protons, which arose as a result of the dissociation of molecular ions accelerated by the ion-optical system of the FABS.
Additional electrodes, to which a potential of -100 V are applied with respect to the helium target body, located before and after it are necessary to confine the electrons of the helium plasma inside the target. A positive voltage of 100 V is applied to the electrode located near the rubidium target so that the rubidium ions do not enter the helium target.
EXPERIMENTS ON PRODUCTION OF UNPOLARIZED H -BEAM BY CHARGE-EXCHANGE METHOD

Beam Production in a Sodium Target
An experimental study of the production of intense Hion beam for accelerating applications was carried out. For this experiment, a recirculating sodium charge-exchange target with an aperture 2 cm in diameter and the FABS were used. Experimental setup for this study is shown in Fig. 6 . 
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In the experiment the beam with the energy 8 keV, which is optimal for the beam formation using FABS, was utilized to form the beam of Hions. For this energy, the equilibrium yield of Hions when passing through sodium vapor is 3% of the total current.
With the help of the Faraday cup located after the bending magnet, the amplitude of the current of Hions formed during the passage of the sodium target was measured. The maximum value of measured current was 16 mA for the target located at a distance of 240 cm from the emitter, and 34 mA for 140 cm.
Negative Beam Space Charge Compensation
The space charge of the Hbeam formed by the sodium charge-exchange target is partially uncompensated, which leads to disturbed transportation of the beam, especially at low energy. For additional charge compensation of the Hbeam, an auxiliary supply of xenon to the region behind the charge-exchange target was used [6] . As a result, for the 4 keV beam the value of the ion current measured after the sodium target by the Faraday cup increased from 3 mA (Fig. 7a ) to 9 mA (Fig. 7b) . 
Beam Production in a Hydrogen Target
During the tests of the FABS at the experimental stand at the Brookhaven National Laboratory, the phenomenon of Hbeam focusing and defocusing of beam protons by its positive plasma potential was observed and studied. Schematic layout of the experimental setup is shown in Fig. 8 . A proton beam formed by ion source of FABS enters the charge-exchange target of the neutralizer, where a significant part (~ 90%) is converted into atoms. Passing through the pumping system and the drift space, the beam get into the bending electromagnet, installed at a distance of 200 cm from the source, and, further, into the Faraday cup.
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Measurements of the current-voltage characteristics of the Langmuir probe in a synthesized beam were carried out at a distance of 200 cm from the ion-optical system on the beam axis and at a radius of 4 cm. With positive probe voltages, the relative current on probe at a radius of 4 cm is much higher and increases with the voltage due to the presence of electrons in the beam. On the beam axis, the relative current at positive voltages is much smaller and depends weakly on the voltage, which indicates a small fraction of the electrons in the beam. The potential of the beam plasma, determined from the maximum of the derivative of the current-voltage characteristic in both cases, is ~2 V.
At beam particle energy of 10 keV and a total current of 4.7 A, the currents of negative ions and protons were obtained (Fig. 9 ).The measured absolute value of the ion current His 75 mA, and the proton current is 100 mA [7] . However, the equilibrium yield of ions obtained by passing protons with a given energy through the hydrogen target is 2% and 10% respectively, that is, the ratio of the ions density near the hydrogen target is about 5 times. Thus, the ratio of the local density of negative ions to the density of positive ions on the beam axis increases by almost four times when moving away from the ion-optical system by 200 cm. This phenomenon can be explained by the presence of a positive plasma potential on the beam axis of several volts, which arises from insufficient compensation of the space charge beam by thermal electrons [8] . A numerical simulation of the transport of the beam fractions in its field by the Monte Carlo method is carried out. The motion of particles in a radial electric field with a ballistic focusing with a focal distance of 200 cm, an initial angular divergence of 10 mrad, an energy of 10 keV, and a current of 4.7 A was considered. The magnitude of the potential on the axis adopted in the simulation is 2.5 V. Envelopes of beams at level 1/e are shown in Fig 10a, current density profile for fractions are shown in Fig. 10b. 
